The type 5 adenovirus fiber, a major capsid protein, exists as a shaft (2 by 16 nm) terminated on one end by a sphere 4 nm in diameter (22, 25) . The shaft inserts into the penton base unit to form a penton, 12 of which then form the vertexes of the icosahedron. Morphologically, fiber purified from adenovirus-infected cell lysates, which contain a great excess of unassembled capsid proteins, appears identical to that seen in the intact virion (5, 24, 25) .
Hemagglutination studies indicate that the fiber contains both a type-specific and a subgroup-specific antigen (16, 17, 22) . The typespecific antigen has been tentatively assigned to the terminal knob, whereas the subgroupspecific antigen is thought to reside in the shaft.
Although several laboratories have purified and characterized the fiber, its precise molecular weight and subunit composition remains uncertain. The sedimentation coefficient of the native fiber protein has been determined to be 5.8 to 6.1S, both in sucrose gradients and in the analytical ultracentrifuge (10, 18). However, the molecular weight of the native fiber has been variously estimated from 60,000 to 500,000. Kohler (7), Valentine and Pereira (22) 65,000 mol wt; and Maizel and his co-workers (13) estimated that the native fiber molecule consisted of eight polypeptide chains, each of which were 61,000. Such ambiguities in the molecular weight and subunit composition of the fiber protein presented additional difficulties in understanding the regulation of capsid protein synthesis and morphogenesis of the virion. Therefore, studies were initiated to investigate the physical and chemical structure of the type 5 adenovirus fiber protein. This communication reports the results of those studies.
MATERIALS AND METHODS
Tissue culture cells and virus. Type 5 adenovirus was grown in suspension cultures of KB cells. The methods for cell growth, viral propagation, and extraction of viral antigens have been previously described (1, 9, 10, 24).
Radioactive labeling of viral protein. KB suspension cultures (3.0 x 105 cells/ml) were infected and maintained in Eagle minimum essential medium containing one-half the normal concentration of amino acids and 5% (vol/vol) dialyzed calf serum. Twelve to 14 h after infection, when host cell protein synthesis was minimal (1), "4C-labeled amino acid mixture (New England Nuclear Corp., Boston, Mass.) was added to a final concentration of 0.5 gCi/ml. The infected cells were harvested 24 Sedimentation equilibrium determinations of molecular weight were done in a double-sectored synthetic-boundary cell by the miniscus depletion technique of Yphantis (26) . Interference optics were utilized, and photographs were made every 4 h. Equilibrium was determined to be attained when there was less than 0.01 fringe shift per h. The rotor speed of 12,000 or 14,000 rpm was determined as described by Yphantis (26) .
The partial specific volume of the fiber protein was calculated from the amino acid composition (19).
Tryptic digestion and peptide mapping. Radioactive fiber protein (5 x 10' counts/min) in distilled water was denatured by boiling for 3 to 4 min.
One-tenth volume of 1 M NH4HCO,-NH4OH buffer, pH 8.6, was added, and the protein was digested for 6 h with 1% (wt/wt) trypsin (TPCK-treated, Calbiochem). After digestion, the solution was dried in a stream of nitrogen, and the peptides were suspended in 0.01 M NH4OH.
The tryptic fragments were separated by peptide mapping on a cellulose thin-layer plate (Brinkman Instruments, Inc., Westbury, N.Y.). The plate was sprayed evenly with electrophoresis buffer (pyridineacetic acid-water; 50:2:948, pH 6.5) and subjected to electrophoresis at 800 V for 10 min at 5 C. The plate was then blotted to remove excess buffer and the sample (2 to 5 gliters) was applied with a Drummon microcapillary pipette. Electrophoresis was performed at 800 V for 45 min at 5 C, after which the plate was dried at 40 C. Chromatography was performed at right angles to the line of electrophoresis in pyridine-n-butanol-acetic acid-water (12:15:3:12) until the solvent front reached the top of the plate. After drying, the plate was processed for autoradiography.
Autoradiography of peptide maps. Kodak NoScreen N54T X-ray film was placed in contact with the peptide map and sealed in a Kodak exposure holder. Uniform contact of the plate and film was maintained by placing the holder in a press and applying pressure. Autoradiograms were exposed for 14 to 30 days, after which the film was developed in Kodak X-ray developer.
Amino acid analysis. Amino acid analysis was performed on a Beckman 120 C amino acid analyzer by the two-column method (15). Tryptophan was measured spectrophotometrically (2). Cysteine was determined as S-carboxymethyl cysteine after reduction and alkylation.
Sepharose column chromatography. Gel filtration on a column (0.9 cm by 92 cm) of Sepharose 4B (Pharmacia Fine Chemicals, Piscataway, N.J.) in the present of 5M guanidine-hydrochloride (GuHCl; Schwartz-Mann Chemicals, Orangeburg, N.Y.) was performed by the method of Fish et al. (3) except that the column buffer consisted of 0.05 M Tris-acetic acid, pH 8.6, containing 0.01 M EDTA and 5M GuHCl. V. and Vt were marked with blue dextran and phenol red, respectively. Reduced and alkylated bovine serum albumin, ovalbumin, and cytochrome c were employed as protein markers. Molecular weights were calculated by plotting the log of the molecular weight against the distribution constant of the standards (3).
Sucrose gradient analysis. Fiber protein was sedimented through 4.6-ml linear gradients of 5 to 20% sucrose in 0.1 M Tris-acetic acid, pH 8.6, containing 0.01 M EDTA and 0.1 M NaCl. In some experiments, 9 M urea or 6 M GuHCl was included in the gradient. Centrifugation was carried out in an SW65 rotor at 15 C. Approximate sedimentation coefficients were calculated by the method of Martin and Ames (14) with bovine serum albumin as a reference (11).
Polyacrylamide gel electrophoresis. Nondenaturing gels consisted of 6.0% (wt/vol) acrylamide, 0.2% (wt/vol) N,N'methylene-bisacrylamide and 0.1 M Tris-glycine, pH 9.0. Polymerization was catalyzed by ammonium persulfate (0.07% wt/vol) and N,N,N', N'-tetramethylethylenediamine (0.1% vol/vol). Electrophoresis buffer consisted of 0.1 M Tris-glycine, pH 9.0, containing 0.01 M EDTA and 0.1% (vol/vol) 2-mercaptoethanol. The gels were subjected to electrophoresis at 1 mA/gel for 2 h to remove catalyst and nonpolymerized material, after which the protein sample, containing 6% sucrose and bromophenol blue, was layered on top of the gels. Electrophoresis was performed at 1 V/cm for 1 h, after which the voltage was increased to 3 V/cm and maintained at that voltage until the dye marker approached the bottom of the gel.
For some experiments, this gel system was modified to contain denaturants. (i) Sodium dodecyl sulfate (SDS) gels were prepared according to the method of Kiehn and Holland (6) except that the gels and buffers contained 8 M urea. The SDS gels were subjected to electrophoresis at 3 mA/gel for 1 h, after which the sample containing 6% (wt/vol) sucrose and bromophenol blue was applied to the top of the gel. Electrophoresis was performed at 3 V/cm until the marker dye neared the end of the gel, usually about 15 h. (ii) Urea gels (9 M) were prepared as follows. After polymerization, the gels, containing 9 M deionized urea, were removed from the tubes and immersed in 0.1 M Tris-glycine buffer, pH 9.0, containing 9 M urea, 0.001 M dithiothreitol (DTT) and 0 
RESULTS
Characteristics of the purified fiber protein. Before characterization, the purified fiber was analyzed for contaminating material. When 106 counts/min of "C-labeled amino acidlabeled uninfected cell lysate was added to 3H-labeled amino acid-labeled infected cell lysate, and the fiber was purified, 14C could not be detected above background. This purified fiber protein then was analyzed by acrylamide gel electrophoresis under nondenaturing conditions. A single peak of 3H-labeled fiber was obtained which was not contaminated with "4C-labeled host protein (Fig. 1A) . Since B.
(-)~~~~~~~( +) FIG. 1. Acrylamide gel electrophoresis and immunoelectrophoresis of purified fiber. (A) 3H-labeled, infected cell lysate was mixed with "4C-labeled uninfected cell lysate, and the fiber protein was purified and subjected to acrylamide gel electrophoresis. Gels were nondenaturing and consisted of 6% acrylamide containing 0.1 M Tris-glycine, pH 9.0. (B) Purified fiber was subjected to immunoelectrophoresis in 0.8% Ionagar in Veronol buffer, pH 9.2. The electrophoretic pattern was developed with antiserum against adenovirus-infected cell lysates. Top trough, antiserum to type 5 adenovirus-infected cell lysate; bottom trough, antiserum against type 2 adenovirus-infected cell lysate. lated to be 5.8 and 6.0, respectively. These data were essentially in agreement with a 52o,w of 6.2 calculated for the fiber from sucrose gradients.
Equilibrium centrifugation according to Yphantis (26) was employed to determine the molecular weight of the native molecule. Three protein concentrations were employed (2.58, 1.22, and 0.66 mg/ml) in separate experiments. A plot of the log of the fringe displacement (concentration) versus the square of the radius yielded a straight line for all concentrations (Fig. 2) , which also indicates that the fiber was pure and did not tend to aggregate under these conditions. The calculated molecular weights were 162,000, 180,000, and 184,000 for the respective protein dilutions.
Chemical disruption of the fiber protein. Chemical denaturants other than detergents were utilized to disrupt the fiber protein into its constituent polypeptide chains. Purified fiber was subjected to denaturation with both 10 M urea and 6 M GuHCl, each of which disrupts most proteins into random coils. 1251-labeled Determination of the molecular weight of the fiber protein by meniscus depletion, sedimentation equilibrium ultracentrifugation. Separate experiments were performed in 0.01 M Tris-hydrochloride, pH 7.6, containing 0.1 M NaCI and 0.005 M EDTA. Symbols: 0, 2.58 mg/ml centrifuged at 14,000 rpm; 0, 1.22 mg/ml centrifuged at 12,000 rpm; A, 0.66 mg/ml centrifuged at 12,000 rpm; and r2, the square of the distance from the center of rotation, in centimeters. fiber in 0.01 M Tris-hydrochloride, pH 8.5, was made to contain either 6 M GuHCl or 10 M urea and 0.2% (wt/vol) Brij 35. DTT (0.1 mg/ml) was added to each solution to prevent disulfide interchange, after which the fiber solution in 10 M urea was placed in boiling water for 3 min. The denatured proteins were analyzed by centrifugation on sucrose gradients containing either 9 M urea, 0.2% (wt/vol) Brij 35 and 0.1 mg DDT per ml, or 6 M GuHCl and 0.1 mg DTT per ml. The 6S fiber molecule was disrupted into approximately 3S subunits by either treatment (Fig. 3) . Since some subsequent analyses required the absence of guanidine, heating in 10 M urea, 0.2% (wt/vol) Brij 35 and 0.1 mg of DTT per ml was routinely utilized to disrupt the fiber molecule.
Estimation of the size of the fiber subunit. The previous data indicated that the fiber consists of two or three polypeptide chains, each having approximately the same molecular weight. Therefore, the molecular weight of the constituent polypeptide chains of the fiber protein was determined by two independent techniques.
Gel filtration of agarose in 5M GuHCl after 211 reduction and alkylation of the protein in 6 M GuHCl yields the approximate molecular weights of the polypeptide chains, if the column previously has been calibrated with protein standards (3). "C-labeled fiber was reduced and alkylated in 6 M GuHCl and subjected to chromatography on a Sepharose 4B column containing 5M GuHCl. Reduced and alkylated markers were chromatographed concomitantly with the fiber to serve as internal standards. The fiber subunits eluted as a single homogeneous peak with an elution volume slightly greater than bovine serum albumin (Fig. 4) . The apparent molecular weight of this polypeptide chain was 60,500. Polyacrylamide gel electrophoresis in the presence of SDS, which separates proteins on the basis of molecular size, was also employed to determine the size of the fiber subunit. "C-labeled fiber was reduced and alkylated, in the presence of 10 M urea, and dialyzed against 10 M urea for 18 h. SDS was added to yield a 1% (wt/vol) concentration, and the solution was dialyzed for 4 to 5 days against 0.01 M Tris-glycine buffer, pH 9.0, containing 0.1% (wt/vol) SDS, 10 M urea, 0.1% (vol/vol) 2-mercaptoethanol and 0.01 M EDTA. After dialysis, the '25I-labeled fiber was denatured, and the resulting polypeptide chains were analyzed by rate-zonal centrifugation in 5 to 20% (wt/vol) sucrose gradients. Symbols: 0, fiber denatured in 6 M GuHCI, pH 8.5, containing 0.1 mg DTT per ml, and analyzed in gradients prepared in the same buffer; 0, fiber denatured by boiling in 10 M urea, 0.1 mg DTT per ml, and 0.2% (wt/vol) Brij 35, and analyzed in gradients containing 9 M urea, 0.1 mg DTT per ml and 0.2% Brij 35. Bovine serum albumin (4 mg/gradient) was added as a sedimentation marker, and the gradients were centrifuged 36 h at 45,000 rpm in a Spinco SW65 rotor at 15 C (---). unique polypeptide chain. Since peptide mapping data may yield erroneous estimates of the total peptides due to incomplete cleavage or selective loss of peptides, experiments were performed to separate the fiber subunits on the basis of electrical charge. "4C-labeled fiber was denatured in 10 M urea, Brij 35, and DTT and applied to denaturing acrylamide gels containing 9 M urea, Brij 35 and DTT (Fig. 7) . Two distinct polypeptide chains were resolved by this method. The slower migrating polypeptide chain contained approximately twice the radioactivity as the faster migrating chain. Thus, these data are in accord with the peptide mapping data and indicate that the fiber molecule consists of three polypeptide chains, of which two are identical. It cannot be stated with certainty that the slower component was not merely an aggregate of the more highly charged protein, but this possibility seems unlikely since (i) the electrophoresis was performed in the presence of denaturant and nonionic detergent, and (ii) the separation was not dependent on size of the component, but upon ionic charge.
DISCUSSION
There is an apparent lack of correlation between the molecular weight and the sedimentation coefficient for the fiber. If the fiber is assumed to be a prolate ellipsoid of 183,000 mol wt with an axial ratio of 8, the calculated sedimentation coefficient would be 8.3S. The 6S sedimentation coefficient observed for the fiber protein could result partially from concentration dependence, but this could not account for the entire discrepancy in S value. Since the fiber is not a true prolate ellipsoid, it may not behave according to these theoretical treatments. It seems clear, however, that the fiber cannot be a single polypeptide chain of 60,000 to 80,000 mol wt nor an aggregate with a molecular weight of 500,000 and exhibit a sedimentation coefficient of 6S.
A molecular weight of 183,000 for the type 5 adenovirus fiber is in accord with that presented by Sundquist et al. (20) for type 2 adenovirus fiber, although these investigators did not determine whether the subunits were identical. The data presented in this communication are in conflict, however, with previous estimates of the fiber molecular weight. Valentine and Pereira (22) calculated a molecular weight of 70,000 for the type 5 adenovirus fiber by estimating the volume of the molecule from electron micrographs. Such an estimate could be affected by shrinkage or distortion of the molecule during fixation and staining. Two other earlier studies with analytical ultracentrifugation determined the molecular weight of the native molecule to be 70,000 to 80,000 (7, 18). These studies employed the determination of a diffusion constant and subsequent calculation of the molecular weight. Such determinations have a greater dependence on protein concentration and are more prone to error than the equilibrium ultracentrifugation techniques utilized in this investigation and by Sundquist et al. (20) . Maizel and his co-workers (13) calculated that the native molecule consisted of 8 subunits of 62,000 mol wt each, thereby producing a molecule of approximately 500,000 mol wt. These calculations were made from SDS-acrylamide gel electrophoerograms by determining the proportion of radioactivity migrating as the fiber subunit when virions labeled with 3H-labeled amino acids were disrupted and analyzed. Such determinations are dependent on the fiber polypeptide chains being clearly separated from any other virion polypeptide chain.
The molecular weight of the penton has been estimated to be 400,000 to 500,000 with a sedimentation coefficient of about 10.5S (U. Pettersson and S. Hoglund, personal communication, cited by Velicer and Ginsberg [23] ). The molecular weight of the penton base has been estimated to be 210,000 (8) and 220,000 (22) Peptide mapping of fiber. Heat-denatured fiber was subjected to digestion by trypsin (1% wt/wt); the resulting peptides were separated by peptide mapping on cellulose thin-layer plates. A 5 uliter sample of the tryptic digest, containing 37,500 'IC counts/min, was subjected to electrophoresis at 800 V for 45 min in pyridine-acetic acid-water buffer, pH 6.5, followed by ascending chromatography in n-butanol--acetic acidpyridine-water. The 
